INTRODUCTION
Global interest in biomass as a renewable source of clean biofuels, green chemicals and power generation is gaining momentum. Biomass is a clean, abundant and renewable source of nonpolluting biofuels for future applications [1] , [2] . Furthermore, the wide variety of biomass resources and its wide geographical distribution aptly positions it as the most practical renewable energy technology (RET) for implementing future energy transitions from fossil fuels. This is particularly important in developing countries where the cultivation of various agricultural crops and perennial grasses generates large quantities of lignocellulosic biomass resources annually.
The cultivation of Melon (Citrullus colocynthis L.) an important oil-rich crop also known as Egusi in Nigeria has increased significantly to over 500,000 tonnes per annum [3] . This is primarily due to the growing importance of melon seed oil as feedstock for biodiesel production [4] , [5] , food and cosmetics [6] , [7] , medicinal purposes [8] , [9] . However the cultivation and extraction of vegetable oil from melon seeds generates large quantities of lignocellulosic waste known as MSH [10] . Current waste management strategies for disposing MSH include open air burning, incineration and deposition in landfill sites and refuse dumps. These disposal methods are obsolete, inefficient and potentially detrimental to human health, safety and the environment through increased air and water pollution, land degradation and disruption of water bodies.
Hence, it is imperative for researchers to explore novel technologies for valorizing and utilizing MSH. Consequently, MSH is currently utilized as weed suppressants, organic fertilizers, mulching material [11] , water treatment and purification [10] , [12] with varying degrees of success, which leaves scope for further studies on MSH valorization. Therefore, an alternative, albeit potentially more efficient waste disposal strategy involves the utilization of MSH as a feedstock for clean energy fuels and power generation. This can be achieved by employing practical to energy technologies such as torrefaction, pyrolysis and gasification [13] - [16] .
The application of the outlined low carbon technologies (LCT) can potentially mitigate the uncontrolled emission of GHGs from burning, landfilling and reduce the associated costs of managing solid wastes [17] , [18] such as MSH in the future. To the best of the author's knowledge there is no published information in literature on the thermochemical characterization and potential utilization of MSH as a solid biofuel (SBF) for clean energy and power generation. Hence, the comprehensive characterization of the thermochemical fuel properties of MSH is essential to ascertain its potential for application in biomass conversion processes.
The most commonly applied technique for characterizing the fuel thermochemical properties of potential solid biomass fuels (SBF) is thermogravimetric (TG) analysis [19] - [21] . This technique has been extensively utilized to investigate the thermal behaviour and decomposition kinetics of potential biomass resources [22] , [23] . By applying TGA data, biomass decomposition can be investigated using various kinetic models including the distributed activation energy model (DAEM) [24] , [25] .
The DAEM model is considered the most accurate and reliable pseudo-mechanistic approach for characterising and modelling the decomposition kinetics of biomass under pyrolysis conditions [26] . This ultimately provides scientists, engineers and decision makers with critical information required for the planning, design, modelling of operating processes required for implementing biomass energy conversion systems for clean energy and power generation.
Therefore, this study seeks to characterise the solid biofuel (SBF) properties of MSH and examine its thermal decomposition kinetics using the DAEM model. It presents vital information on the heating value, proximate and ultimate analysis as well as thermal degradation behaviour of MSH during thermogravimetric analysis under inert conditions. Additionally, the kinetic parameters; activation energy, E, and Frequency factor, A, of MSH decomposition using the distributed activation energy model (DAEM) is also presented in detail. The data presented will potentially serve as vital reference material for future biomass energy conversion systems utilizing MSH as feedstock.
EXPERIMENTAL

Materials and Methods
Melon seeds were purchased from a local market in Nigeria and de-hulled to obtain the MSH investigated in this study. The MSH was pulverised in a dry miller and sieved with an analytical sieve to obtain particles below 250 µm. MSH was subsequently characterised by ultimate analysis using the Vario Micro Cube CHNS/O analyser. Proximate analysis was determined using standard ASTM techniques: E871 for moisture, E872-82 for volatile matter and D1102-84 for ash content while fixed carbon content was determined by difference. The ultimate and proximate analysis of MSH is reported in dry ash free (daf) and dry basis (db) respectively in Table 1 . The heating value was calculated from the ultimate analysis of MSH using the Channiwala and Parikh formula [27] .
The thermal decomposition behaviour of MSH was investigated using the Netzsch 209 F3 Thermogravimetric (TG) analyser. About 8 mg of powdered MSH sample was heated in an alumina crucible from 30 °C to 800 °C using three heating rates 5, 10 and 20 °C/min. The system was purged with ultra-pure (99.99 %) nitrogen gas at a flowrate of 50 ml/min during thermal analysis. The weight loss of MSH as function of temperature was recorded and the resulting TG data was subsequently analysed using the Proteus 6.1 software.
Next, the distributed activation energy model (DAEM) was applied to the MSH TG data to determine the kinetic parameters; Activation Energy (E) and Frequency Factor (A) according to Eq. 1-10.
Distributed Action Energy Model (DAEM)
The decomposition kinetics of MSH was examined using the DAEM model proposed in 1943 by Vladimir Vand [20] . The model is based on the assumption that thermal degradation of solid biomass fuels (SBF) is governed by a set of first order irreversible reactions occurring concurrently [28] . The DAEM model has been successfully applied to characterize the change in the overall conversion and yield of a reacting components during thermal degradation [20] , [29] .
According to DAEM, the change in volatiles during the pyrolysis of MSH can be expressed by:
where V total volatiles changed at time t; V∞ effective fuel volatile content; Φ(E, T) temperature dependent activation energy E; f(E) normalised activation energy distribution curve for the irreversible first order reactions A frequency factor.
The function Φ(E, T) for MSH devolatization at a definite heating rate, β, can be expressed mathematically by the relation [28] , [30] :
By presenting a step function at E = Es for a selected temperature, T, at a constant heating rate, β, and the Muira [28] numerical estimation, the function Φ(E, T) can be simplified:
This is valid only for E at Φ(E, T) = 0.58 for different combinations of A and E, hence the expression for A corresponding to E, at the heating rate β can be rewritten as:
The approximate equation for Φ(E, T) expressed as:
This approximation can be used to treat ith reactions occurring at temperature T, and constant heating rate, β as presented in Eq. 6 [30] :
Consequently, the complete rate of reaction can be derived from the approximation by taking into account Vi, the amount of volatiles evolved and Vi∞ the effective volatiles for ith single first order reactions at temperature T.
Hence, an expression for the rate of devolatization at constant heating rates can be deduced by integrating Eq. 6 to yield the expression:
By taking natural logarithm and separation of variables Eq. 7 can be rewritten as:
A simplified form of Eq. 8 can be obtained for a linear relationship between the kinetic parameters, β, A, E and T; by considering Eq. 9:
Consequently, the mathematical expression for the DAEM model which describes the relationship between the kinetic parameters E, and A, during thermal decomposition can be expressed as:
Therefore, by plotting in (β/T 2 ) vs (1/T), the activation energy, E, and frequency factor, A, can be deduced from slope of the linear fitting curve and the intercept, respectively. The results indicate that MSH has high C, H, O, VM and FC content while the N, S, M, and A are lower that the values reported for other solid biomass fuels (SBF) in literature [31] . The MSH heating value (HHV) of 21.93 MJ/kg is higher than other agricultural waste residues such as groundnut shells (16.91 MJ/kg) [32] ; walnut shell (17.86 MJ/kg) [33] ; corn cobs (16.63 MJ/kg), oil palm empty fruit bunches (17.57 MJ/kg) [34, 35] and cassava stalk (17.58 MJ/kg) [36] in literature. This is primarily due to the high C, VM, and FC which accounts for the combustible content of MSH.
RESULTS AND DISCUSSION
Fuel Properties
The low N and S content indicates the thermal conversation of MSH will potentially result in low emissions of nitrous, sulfur oxides and other GHGs into the atmosphere during thermal conversion. This effectively highlights the environmentally friendly potential of the MSH as a potential SBF for future thermochemical applications. Furthermore, the low ash (A) and moisture (M) content of MSH also presents important advantages in considering MSH as a viable SBF. With low ash properties, MSH is unlikely to present slagging and agglomeration problems during thermal conversion while low moisture will enhance the efficiency of thermal conversion.
Fourier Transform Infra-Red Spectroscopy
The FTIR study was carried out to ascertain the functional groups present in the chemical structure of MSH which can be used to predict the potential products of thermochemical conversion. The FTIR spectrum of MSH from 4000-400 cm −1 is presented in Figure 1 . The bands observed from 3700-3900 cm −1 are typically assigned to the rota-vibrational band of water vapour as reported in the moisture content of MSH in Table 1 . In addition, the strong broad band from 3000-3700 cm −1 denotes the presence of free and intermolecular -OH groups predominantly observed in alcohols, phenols, lignin and other carbohydrates [37] , [38] . Conversely, this could also be due to the symmetric or asymmetric stretching vibrations of water molecules in the MSH structure. The peaks 2924 cm −1 , 2862 cm −1 , 1423 cm −1 and 1458 cm −1 are due to the symmetric and asymmetric C-H stretching vibrations often associated with aliphatic -CH3-and -CH2-groups which typically constitute the major chemical structure of lignocellulosic biomaterials [39] . The small peaks observed at 2372 cm −1 and 2156 cm −1 can be assigned to -C≡C-or -C≡N-stretching vibrations typical of alkynes or nitriles which occur in a wide variety of natural products and heterocyclic compounds isolated from plants. The medium peak observed at 1654 cm −1 can be assigned to the -C=C-stretching vibrations in alkenes while the sharp peak at 1512 cm −1 is due to the in-ring -C-C-stretch vibrations typical of unsaturated aromatic compounds [37] . At 1735 cm −1 and 1327 cm −1 the weak peaks in the spectrum can be ascribed to the -C=O-stretching vibrations typically observed in carbonyls particularly alcohols, carboxylic acids, esters and aldehydes. The broad peak at 1261 cm −1 can be ascribed to the -C-N-stretching vibrations found in aliphatic amines.
The broad band at 1045 cm −1 can be attributed to C-O-H or C-O-R alcohols or ester groups [21] , [37] while the sharp peak at 902 cm −1 can be attributed to -C-H-groups in aromatics. Overall, the FTIR spectrum indicates the chemical structure of MSH is possibly due to contributions from alcohol, aldehyde, aliphatic, aromatic, ester and ketonic groups normally associated with hemicellulose, cellulose and lignin in biomass materials.
Thermogravimetric Analysis (TGA)
The weight loss curves for the thermal decomposition of MSH at different heating rates 5, 10, and 20 °C/min denoted MSH-5, MSH-10 and MSH-20 from 30-800 °C are presented in Fig. 2 . The curves display the distinctive Z-shaped downward sloping curves typically observed in thermally decomposing biomass materials. From Fig. 2 it can be observed that the effect of increased heating rate was significant during thermal analysis as indicated in the TG curves. Consequently, the increase in heating rates caused a shift in the TG curves to higher temperatures resulting in changes in the temperature profile characteristics of MSH (Table 2) , as also observed by other researchers in literature [40] - [42] . This has been attributed to heat transfer limitations due to the different thermal efficiencies available at higher heating rates. In principle, thermal decomposition of biomass at low heating rates ensures more efficient heat transfer and thermal energy into the particles, which results in a longer equilibrating time for the purge gas and furnace to reach the same temperature [43] , [44] .
Conversely, at higher heating rates a shorter reaction and higher temperature is required for biomass degradation during thermal analysis which causes the TG curves to shift to higher temperatures [42] , [45] . Table 2 presents an overview of the effect of increased heating rate on the temperature profile characteristics of MSH during thermal decomposition. The results clearly indicate that increasing the heating rate significantly influences the temperature profile characteristics of MSH during thermal decomposition. Most notably, the maximum decomposition peak temperature, Tp, of MSH increased by an average of 12.8 °C from 332.60 °C to 358.20 °C as the heating rate was increased from 5 °C/min to 20 °C/min during thermal analysis. This indicates that increasing the heating rate by a factor of 2 resulted in an increase in the Tp by over 10 °C during thermal degradation of MSH. Furthermore, the effect of heating of rate was also evident in the mass loss rate, MLR, of the fuel which primarily occurs at Tp. Likewise the values for MLR increased significantly due to the effect of increase in heating rate. The residual mass, MR values, a measure of the extent of biochar formation, increased from 16.97 % to 21.87 % with increasing heating rate from 5 °C/min to 20 °C/min. Hence, the pyrolytic thermal decomposition of MSH, under the reaction conditions, resulted in over 78 % degradation of the sample. Overall, the results can be used to somewhat predict the possible products of the thermal decomposition of MSH under the reaction conditions (RT to 800 °C) yielding more liquids/gases over solids (biochar).
Derivative Thermal Gravimetric analysis (DTG)
The DTG curves for the thermal decomposition of MSH are presented in Figure 3 . The DTG curves provide a more detailed representation of the mechanism of thermal decomposition of the sample [37] . In all cases, it was observed that increase in heating rates also caused an enlargement in size of the DTG curves and temperature profiles of MSH without a change in the thermal profile. This may be due to an increase in the rate of devolatization and weight loss of the fuel at higher heating rates observed in mass loss rates (MLR). In addition, the thermal decomposition behaviour of MSH suggests that the reaction mechanism is independent of heating rate as similarly observed for other biomass in literature [37] . Furthermore, the results indicate the thermal decomposition of MSH occurs in three stages namely; drying (30-150 °C), devolatization (150-400 °C) and char degradation (400-800 °C), as corroborated by other research groups in literature [37] , [41] , [42] . The drying stage of pyrolysis of biomass samples ensures the removal of surface moisture and partial removal of volatiles at temperatures below 150 °C. The second stage involves exothermic reactions which ensure the removal of volatiles (devolatization) and lignocellulosic the biomass components; hemicellulose, cellulose and lignin.
Due to the large extent of weight loss occurring during this stage of pyrolysis, it is also known as the region of active pyrolysis. The final stage involves the endothermic decomposition of lignin at temperatures above 400 °C [21] denoted by the long tailing in the DTG curve of MSH.
Kinetic Analysis
The kinetic parameters activation energy, E, and frequency factor, A, for MSH decomposition were deduced using DAEM model as described in literature [30] . Furthermore, the DAEM model reflects the E distribution of pyrolytic mass conversions at different heating rates. Figure  4 presents the plots for the kinetic parameters E and A for MSH conversion from α = 0.15-0.60. However MSH conversions below 0.15 and above 0.6 have been excluded due to low correlation values, as similarly reported by other groups [21] , [37] , [41] . The linear and parallel plots in Figure 4 indicate that for different V/V∞ from 0.15-0.6 at various heating rates indicating MSH decomposition can be described by a set of first order reactions occurring simultaneously.
The kinetic parameters; E and A determined from Fig. 4 are presented in Table 3 for MSH decomposition from α = 0.15-0.60. The activation energy, E, clearly fluctuated from 145. 44 The activation energy values increased from 145.44 kJ/mol to 198.66 kJ/mol at 0.15 to 0.40, decreased at 0.5 before increasing to 300 kJ/mol at 0.6. This indicates that the conversion of MSH is slowest at conversion α = 0.60 towards the end of the thermal conversation process possibly due to the conversion of large molecular weight biomass components such as cellulose and lignin. In comparison the average E value for MSH is lower than the reported values for corn stalk (203 kJ/mol), sawdust (230 kJ/mol) and pine (250 kJ/mol) reported in literature [20] . This indicates that the thermal decomposition of MSH is requires a lower minimum amount of energy for the reactants to thermally decompose into products compared to the other outlined agro wastes.
CONCLUSION
The study was aimed at investigating the thermochemical fuel properties of MSH. The results indicate that MSH is a cheap, abundant and potentially renewable solid biofuel for future clean energy and power generation. The thermochemical properties of MSH displayed high C, H, O, VM and FC content which accounts for the high heating value (HHV) of 21.93 MJ/kg. In addition, the Nitrogen N, and Sulphur S content were less 1 %, indicating a low GHGs emission potential for MSH during thermal combustion. The ash content A, was less 5 % indicating MSH may also possess a low probability for fouling and agglomeration if utilized as a SBF in boilers and gasifiers. Moisture content, M, was 7 % which is within the acceptable limit (<10 %) required for thermal efficient operation of biomass conversion equipment. Overall the elemental and physicochemical properties of MSH were considerably lower compared to the values for other SBF reported in literature.
FTIR analysis revealed the MSH chemical structure may likely be due to contributions from a complex compounds namely: aliphatic, aromatic, ester, aldehydes, and ketone groups which form the major building blocks of hemicellulose, cellulose and lignin in solid biomass fuels. The influence of the complex chemical composition and effect heating rate on MSH decomposition was evident in the thermal behaviour of MSH. Although, the increase in heating rate resulted in an increased mass loss rate (MLR), it also resulted in an increase in char formation (residual mass) and shift in the TG/DTG curves of MSH due to the increased thermal resistance offered by evolving gaseous species during thermal decomposition.
The results for the thermochemical kinetics of MSH determined by DAEM (distributed activation energy model) showed that the parametric E and A values fluctuated during the thermal analysis which may be due to the complex nature of the pyrolytic decomposition of the components of MSH. However, the average values of E = 193.00 kJ/mol, A = 9.18 × 10 19 min -1 and R 2 = 0.9832 were comparable to values for other biomass species reported in literature. In conclusion, the physicochemical and thermochemical properties of MSH determined in the study indicate it can potentially be deployed as quality feedstock with minimal technical challenges for thermal conversion in future biomass conversion equipment.
ACKNOWLEDGMENT
The contribution of Muhamad Faizal B. Abd Halim of PoCResT, Universiti Teknologi MARA is gratefully acknowledged.
